Introduction
The North China Plain (NCP) is one of China's largest plains and the political, economic and cultural center of China. Formed from the deposits of the Yellow River, it covers an area of more than 400 000 km 2 at heights of less than 50 m above sea level throughout most of its extent. This NCP is the most important food-producing region in China (Jeong et al., 2014) , with wheat-maize double cropping rotation being the dominant cropping system for the past 40 years. Due to longterm intense cultivation, irrigation, fertilization and improvements in crop varieties, agricultural practices have fundamentally altered the physicochemical and microbiological characteristics of NCP soils. Soil microorganisms play a pivotal role in essential ecosystem services such as regulating soil nutrient cycling and improving crop production (Orgiazzi et al., 2016; Fierer, 2017; Delgado-Baquerizo et al., 2018) , and are strongly influenced by the environments (Karimi et al., 2018; Ramirez et al., 2018) . Therefore, it is essential to understand how the microbes will respond to environmental changes. Toward this end, a prerequisite is to generate a biogeographic map of soil microbial communities as baseline information (Whitfield, 2005) , something never before attempted for cropping ecosystems. Historically, vegetation maps have been informative for understanding how plant species are distributed (Fierer, 2017) . Likewise, "Putting the microorganisms on the map," as proposed by Martiny et al. (2006) , is essential for elucidating soil microbial distribution and responses to environmental conditions (Delgado-Baquerizo et al., 2018) . Moreover, predicting the microbial map can help understanding the mechanisms that structure the microbial communities and informing conservation and management decisions ). An excellent example is to reconstruct the microbial diversity of pre-agricultural tallgrass prairie soils in the United States, which shows that small changes in soil microbial diversity might lead to important influence on ecosystem processes (Fierer et al., 2013) . Using species distribution modeling, Ladau et al. (2013) mapped global distribution of bacteria in marine surface waters and found that bacterial diversity was greatest in temperate latitudes. When mapping diversity and interpolated taxonomic richness of fungi at the global scale, Tedersoo et al. (2014) found that both edaphic and spatial factors imposed strong influence on soil fungal richness and community composition. Interestingly, Barberén et al. (2015) mapped fungal and bacterial communities of indoor and outdoor dust samples, and demonstrated that human hosts played a substantial role in determining indoor bacterial communities. Together, these studies have shown that soil microbial diversity and community could be estimated in the areas where we have soil variables data but without microbial survey, which is useful for improving our knowledge of the pivotal role of soil microorganisms in biogeochemical cycling and ecological services (Martiny et al., 2006; Ladau et al., 2013) .
We have shown recently that the diversity and community composition of soil bacteria are strongly influenced by soil factors such as soil pH and total phosphorus concentration (Shi et al., 2018) . However, a comprehensive understanding of how soil microbial diversity and communities vary across this region and what factors are important in shaping the soil microbial structure are still lacking. Based on the observational soil bacterial data and soil physiochemical map of the North China Plain, we hypothesize that the soil bacterial diversity and community are predictable across this region. As the species distribution modeling (SDM) has been widely used in predicting the diversity patterns of not only macroorganisms (Franklin and Miller, 2009 ) but also microorganisms (Larsen et al., 2012 , Fierer et al., 2013 , we adopt the SDM to predict soil bacterial diversity in North China Plain.
Materials and methods

Soil sampling and sequencing
Soil sampling and biogeochemical measurements were previously described (Shi et al., 2018) . Briefly, 243 soil samples were collected from 27 sites in wheat fields ( Figure  S1 A) across North China Plain during November 20th to 30th, 2014. We sampled 9 plots (each plot is 100 m Â 100 m) about 3.3 km apart for each site (within 100 km 2 (Figure S1 B) ), and collected 12 cores in each plot at a depth of 0-15 cm and mixed as one sample. All the samples were stored in ice boxes and shipped to the laboratory as soon as possible. DNA extraction and soil variables were described previously (Shi et al., 2018) . Briefly, soil DNA was extracted with a Power Soil DNA kit (MO BIO, Carlsbad, USA), purified with an Ultra Clean 15 DNA purification kit (MO BIO), and stored at -40 o C. Soil pH was measured in fresh soils, with a soil-to-water ratio of 1:5, using a pH monitor (Thermo 0rion-868, Boston, USA). Soil moisture content was determined gravimetrically after ovendrying the samples at 105°C for 16 h. Total C and N contents were determined by combustion (2400 II CHNS/0 Elemental l Analyzer, Perkin-Elmer, Boston, USA). Dissolved organic carbon (DOC), total dissolved nitrogen (TDN), ammonium (NH 4 + ), and nitrate (NO 3 -) contents were measured by adding 50 mL of 0.5 M K 2 SO 4 to 10 g of fresh soil, shaking for 1 h, and then filtering through a G4 (1.2 μm) glass fiber filter (Thermo Fisher, Beijing, China). DOC and TDN contents were determined using a total organic carbon/total nitrogen analyzer (Shimadzu, Kyoto, Japan). The NH 4 + and NO 3 -contents were assessed colorimetrically via an automated segmented flow analysis (AAIII; Bran + Luebbe, Norderstedt, Germany). Triplicates of each sample were amplified in a 50-μL reaction under the following conditions: 30 cycles of denaturation at 94°C for 30 s, annealing at 54°C for 30 s, and extension at 72°C for 1 min with a final extension at 72°C for 7 min. The triplicate PCR products for each sample were pooled for both the bacteria and fungi, purified using a QIA quick PCR purification kit (Qiagen, Hilden, Germany), and then quantified using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific, Waltham, USA). Equimolar ratios of the PCR products were mixed in a single tube and sequenced on an Illumina MiSeq platform (Caporaso et al., 2012) . The details in raw data processing and analyzing has been described in Shi et al. (2018) . Phylogenetic diversity was calculated according to Faith (1996) . To obtain phylogenetic diversity for each phylum or class, each phylum or class was extracted from the whole OTUs table and then the PD values were calculated.
Predictive map
All the tested soil variables which were included in the NCP shape file significantly correlated with bacterial diversity were selected to construct a general linear model. According to the SDM method (Robert et al., 2015) , the linear model is recommended in order to easily interpret different weights of each variable. Then, geographical coordinates were used to obtain georeferenced variables (e.g., soil factors) from the NCP shape file. The map including corresponding soil factors (pH, OM, TK, AP, TN and TP) across the North China Plain were acquired from the soil database (http://www.soil.csdb.cn/). Then we selected the factors significantly related to the bacterial diversity and community composition. Finally, using species distribution modeling, a resolution of 0.03 degree map was applied to illustrate bacterial diversity distribution by inputting the background soil data into the general linear model in package dismo (Robert et al., 2015) , and was plotted with ggplot2 (Wickham, 2009 ). Meanwhile, cross validation was conducted to verify the predictive map. The observational data were randomly divided into two parts, one included training data and the other one included test data. Subsequently, the larger part was used to reconstruct the general linear model. The soil data of the smaller part were inputted into the model and the bacterial diversity data was used to compare with the predicted diversity generated from the model. Similarly, the predictive map of bacterial community structure and the diversity of some phyla (dominant phyla) were conducted through the procedures described above. The NMDS (Nonmetric Multidimensional scaling) axis 1 value was used for bacterial community structure because the NMDS axis 1 could reflect the principle variation of the communities and had been frequently used in many studies (e.g. Barberén et al., 2015) All GIS files were acquired through internet or other researchers (http://vdb3.soil.csdb.cn) and processed in Arc-GIS 10.2.2 (http://www.esri.com/software/arcgis/arcgis-fordesktop) and R [package sp (version 1.2-3), raster (version 2.5-2), reshape2 (version 1.4.1) and rgdal (version 1.1-8)].
Results
Selection of predictive factors
Using the general linear modeling (GLM), soil factors that showed significant correlation with PD, NMDS, and phyla or classes were chosen to predict the map (Table 1) . The phylogenetic diversity (PD) could be well predicted by soil pH and NMDS1 could be best explained by soil pH, TK and TP. For the dominant phyla, the predicting factors were also selected. For example, the PD value for Acidobacteria positively correlated with TP, while TN could decrease the PD value. Generally, we found most of the phyla could be predicted by soil pH and TP (Table 1) .
3.2 The map of soil bacterial diversity and community composition across the North China Plain Using species distribution modeling (SDM), we predicted the soil bacterial diversity and community composition across the North China Plain (Fig. 1) , which was subjected to cross validation between predicted diversity (including phylogenetic diversity and microbial communities) and actual values. We found that the PD and NMDS were very predictable ( Fig. 2 ; R 2 = 0.6962, p < 0.001; R 2 = 0.7908, p < 0.001), and the PD predictive map was similar to the NMDS map (Fig. 1) . The PD was high in the middle of NCP and low in north-east, east and south of the NCP (Fig. 1A) . The central area of the NCP inhabited soil bacterial communities considerably different from those at the edges of the NCP (Fig. 1B) .
The map of dominant phyla diversity across the North China Plain
The diversity and community dissimilarity patterns were mainly attributed to changes in the diversity and dissimilarity of Actinobacteria and Alphaproteobacteria, which were the dominant bacterial phyla across the collected soils ( Fig. 3B  and 3E ). In addition, Nitrospirae, which had low abundance, also presented similar pattern with the whole diversity and community dissimilarity patterns. Betaproteobacteria showed a different pattern compared to the whole bacterial diversity pattern ( Fig. 3F ): high diversity for the whole bacteria and low diversity for Betaproteobacteria in the middle of North China Plain. Gamma-proteobacteria also presented high PD values in the southern NCP (Fig. 3G ), which were different from the whole bacterial pattern. Firmicutes showed no considerable fluctuations in abundance across the sampling area (Fig. 3H) . Acidobacteria, Deltaproteobacteria, Bacteroidetes, Gemmatimonadetes and Chloroflexi had similar patterns with high diversity in the central part of NCP (Fig. 3A, 3C and 3H-J). Planctomycetes map showed similar pattern to the Alphaproteobacteria (Fig. 3D ), but with a low diversity in the south part of NCP. Some other bacterial phyla diversity maps were showed in Fig. 3 . Cross validation between the predicted PD values of some bacterial phyla and actual values were conducted and presented in Figure S2 .
Discussion
Consistent with our hypothesis, the soil bacterial diversity and community distribution of North China Plain were predictable in terms of soil factors. The maps presented here not only help understand the types of soil bacteria in "terra incognita" (Fierer and Ladau, 2012) , but also revealed factors important in shaping the microbial distribution in North China Plain. Various studies have been carried out worldwide to produce maps of crop diseases (Brooker et al., 2003; Scholte et al., 2013) , but few have mapped the belowground soil microorganisms in the cropland. It is clear that soil microbes can provide tremendous benefits to the human health (Wall et al., 2015) , such as preventing disease and promoting plant growth (Toju et al., 2018) . Thus, the map of soil microbes of North China Plain has the potential to improve our knowledge of belowground ecology in cropland, and to save more manpower and material resource in exploring agriculturally beneficial microorganisms. Consistent with the observed data (Shi et al., 2018) , the distribution map could be well predicted by soil pH (cross validation value R 2 = 0.6962). This suggested that soil pH was not only a driver for the soil microbial distribution (Fierer and Jackson, 2006; Chu et al., 2010; Griffiths et al., 2011) , but also could serve as a predictor for the locations with no microbial surveys in NCP wheat soils. Our findings were different from the predictive map of microbial diversity in the tallgrass prairie soils of the United States, which found that soil moisture was a strong predictor (Fierer et al., 2013) . The similarity of PD and Table 1 The predicting factors for phylogenetic diversity (PD), NMDS and each phylum or class. NMDS patterns suggested there was a strong correlation between bacterial alpha-and beta-diversity, the reason might be that both diversity indices were influenced by the same soil factors such as soil pH. Therefore, the predictive map of soil bacterial diversity and community across the NCP wheat soils not only can help in understanding the belowground diversity, but also can guide management of soil conditions and inform management strategies for improving soil health (Harris, 2009; Ladau et al., 2013) , such as enhancing beneficial microbial diversity to promote nutrition supply or suppress disease (Wall et al., 2015) . Additionally, this predictive approach could be used to predict the biogeographic patterns of microbial diversity in similar cropland system, and identify their shared niche spaces (similar diversity or community corresponding to similar soil conditions) and reveal the underground biogeochemical cycling (Larsen et al., 2012; Fierer et al., 2012) . In our study, the predicted maps of diversity and community dissimilarity were mainly attributed to changes in the diversity and dissimilarity of Alphaproteobacteria and Actinobacteria ( Fig. 2B and 2E ). Similar to the diversity and community dissimilarity map, these two phyla were both well predicted by the soil pH (Table 1) . Alphaproteobacteria is often the dominant bacterial taxon in soil (Delgado-Baquerizo et al., 2018) . Actinobacteria are also abundant in soil communities, especially in alkaline soils, and can provide a wide variety of useful antibiotics (Bérdy, 2005; Manivasagan et al., 2013 , Zhang et al., 2014 Chu et al., 2016) . Notably, Actinobacteria were described as a more promising taxon of plant growth promoting bacteria (PGPA), and a rich source of bioactive metabolites such as herbicides, fungicides and biofertilizers (Reviewed by Hamedi and Mohammadipanah, 2015) . For other phyla, such as Acidobacteria, Deltaproteobacteria, Chloroflexi, Bacteroidetes and Gemmatimonadetes, the predictive maps showed similar patterns (Fig. 3) . When investigating their predictors, we found that in each case the phylogenetic diversity of these phyla increased with the soil pH, but their phylogenetic diversity decreased with other soil chemical factors that differed from one phylum to another (Table 1) . In contrast to the general phylogenetic diversity and distribution pattern of other phyla, Beta-proteobacteria and Gamma-proteobacteria had lower diversity in the middle part of North China Plain, which might be due to the negative correlation between these two phyla and soil pH. These results suggest that it would be complicated to manage soil microorganisms, however, our predictive map provides some clues or baseline information on enhancing the soil ecosystem services through mediating soil microbes. Considering the indications of the important role of soil microbial community composition in crop productivity (Fierer, 2017) , the map of soil microorganisms could provide a means for producing healthier crops and higher food production. Compared to macro-organisms, microorganisms are widespread and have rapid reproduction rates (Poole et al., 2003) , which can be either active or dormant (Hubert et al., 2009) . Therefore, multiple time point sampling at a single site and predictive maps (which can accurately reflect the microbial geographic patterns) are needed in future studies. 
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